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METHODS OF DATA REDUXION FOR THE 
OPEP AIRGLOW PHOTOMETER ON O W - I 1  

JACQUES PACQUET 

ABSTRACT 

A brief d e s c r i p t i o n  is given of t h e  methods used i n  
the  r educ t ion  of t h e  d a t a  from the OPEP a i rg low photometer 
on OGO-11. For selected por t ions  of t h e  d a t a ,  computers 
have been used t o  apply in s t rumen ta l  c o r r e c t i o n s ,  t o  reduce 
an o s c i l l a t o r y  component dependent on t h e  p o s i t i o n  of 
the OPEP c o n t a i n e r ,  and t o  so lve  a system of l i n e a r  equa t ions  
t o  compute a v e r t i c a l  emission p r o f i l e  from t h e  observed 
hor izon  p r o f i l e s .  

v i i  



INTRODWTION 
T h i s  pre l iminary  report is in tended  t o  g ive  a bet ter  

understanding of the  problems encountered du r ing  the  d a t a  
r e d u c t i o n  of the  A i r g l o w  Photometer experiment on OGO-11. 
I n  p a r t i c u l a r ,  t he  s o l u t i o n s  used t o  s o l v e  some of these 
probiems are described i n  dctai!. i ~ ?  the zgpendixes, 

* 

The d i f f e r e n t  s teps  of the d a t a  r educ t ion  of the d a t a  
w i l l  no t  be described i n  d e t a i l .  A knowledge of t h e  
experiment ,  the  s p a c e c r a f t  and its telemetry, and the format 
of the  d a t a  fu rn i shed  t o  the experimenter is assumed. The 
programs i n  d e t a i l  w i t h  f low c h a r t s  and i n s t r u c t i o n s  fo r  
use w i l l  be described i n  a l a t e r  document. 

The approach t o  the  problems of s a t e l l i t e  data r educ t ion  
and a n a l y s i s  is described i n  general terms i n  Appendix A. 
Since the volume of u s e f u l  d a t a  from OGO-I1 is r e l a t i v e l y  
small ,  emphasis has  no t  been placed on the development of a 
s y s t e m  capable  of e f f i c i e n t l y  handl ing hundreds of reels of 
t apes .  F i r s t  a "quick look" a n a l y s i s  was made t o  i d e n t i f y  t he  
problems t h a t  developed i n  the  OW-I1 da ta .  Secondly, a set  of 
programs has been developed and used t o  process the  approximately 
30 hours  of d a t a  t h a t  were a v a i l a b l e  when t h e  s p a c e c r a f t  was 
i n  a s t a b l e  a t t i t u d e  w i t h  r e spec t  30 the earth. 
PROBLEMS REVEALED BY "QUICK W K "  ANALYSIS 

During the  first few months of d a t a  a n a l y s i s ,  the 
d a t a  was examined by means of l i s t i n g s  of t h e  raw d a t a  on 
the  decomm d a t a  tape,  l i s t i n g s  and s t r i p  c h a r t s  prepared 
by t h e  OGO Contro l  Center ,  and p l o t s ,  made both manually 
and au tomat ica l ly .  

and d id  not  main ta in  the  s t a b l e  a t t i t u d e  t h a t  was expected. 
These,  and r e f l e c t i o n s  from t h e  spacecraft gave rise t o  a 
number of problems such as:  

The s p a c e c r a f t  went i n t o  a h ighe r  o r b i t  t han  a n t i c i p a t e d  

1. Because of t h e  h igh  apogee, du r ing  many s c a n s ,  
the e a r t h ' s  horizon was below the f i e l d  of view of 
the  photometer. 
of va lue  when the  s p a c e c r a f t  was above 1200 km. 

There was l i t t l e  or  no a i rg low d a t a  

1 



2. The high apogee r e s u l t e d  i n  a h ighe r  dose of 
r a d i a t i o n  than expected,  w i t h  t h e  r e s u l t  t h a t  t h e  
output  of t h e  high vo l t age  power supply  d r i f t e d  o u t  
of t h e  range of its monitor. Af t e r  t h e  f i r s t  day, 

pho tomul t ip l i e r ,  could no longer  be determined from 
t h e  high vo l t age  monitor.  
3. There was a h igh  l e v e l  of s t r a y  l i g h t ,  t h e  p r i n c i p a l  
source  of which appeared t o  be r e f l e c t i o n s  from t h e  
VLF antenna on one of t h e  long booms of t h e  s p a c e c r a f t .  
The l e v e l  of l i g h t  was dependent on t h e  azimuth of t h e  
OPEP con ta ine r ,  t h e  mi r ro r  p o s i t i o n ,  and t h e  p o s i t i o n s  
of t h e  sun and s u n l i t  e a r t h .  The l e v e l  of s t r a y  
l i g h t  had t o  be eva lua ted  independent ly  f o r  each scan .  
When the  e a r t h  was s u n l i t ,  t h e  photometer d a t a  was 
of no value f o r  a i rg low measurements. 
4. The OPEP c o n t a i n e r  c o n s t a n t l y  "d i thered"  about its 
intended p o s i t i o n  a t  a r a t e  of about 0.5 cps .  T h i s  
r e s u l t e d  i n  a modulation of t h e  s t r a y  l i g h t  e n t e r i n g  
t h e  photometer and hence a corresponding o s c i l l a t i o n  
i n  t h e  data .  A method was found t o  remove t h i s  
o s c i l l a t i o n  from p a r t  of t h e  da t a .  
5 .  During those  occas ions  ( a t  l e a s t  s e v e r a l  t i m e s  
an o r b i t )  t h a t  t h e  s p a c e c r a f t  a t t i t u d e  c o n t r o l  s y s t e m  
f a i l e d  t o  o r i e n t  t h e  s p a c e c r a f t  p rope r ly ,  t h e  d i r e c t i o n  
i n  which t h e  photometer is looking is unknown, and 
the da ta  is of no value.  
6 .  Two s t a r s ,  S i r i u s  and Canopus, were observed a 
number of t i m e s .  T h i s  made p o s s i b l e  a c a l i b r a t i o n  of 
t h e  s e n s i t i v i t y  of t h e  photometer and a check on t h e  
r e l a t i o n s h i p  between t h e  photometer f i e l d  of view and 
t h e  axes of t h e  s p a c e c r a f t  a s  de f ined  by t h e  a t t i t u d e  
c o n t r o l  system. 

he l e v e l  of high v o l t a g e ,  and hence t h e  g a i n  of t h e  

2 



. 
CALIBXATION OF THE PHOTOMETER 

I t  w a s  noted t h a t  t h e r e  was a s i g n a l  corresponding t o  
t h e  s t a r ,  Canopus, i n  the d a t a  f r o m  almost a l l  o f  t h e  o r b i t s  
i n  which there w a s  u s e f u l  information.  T h i s  s t a r  was used 
t o  e v a l u a t e  the  s e n s i t i v i t y  of t h e  photometer. 

To do t h i s ,  t h e  s t a r  was t r e a t e d  as  i f  i t  were an  
extended source.  Data from o r b i t  numbers 8 and 9,  be fo re  
t h e  ou tpu t  of t h e  h igh  vol tage  power supply  had d r i f t e d  
o u t s i d e  t h e  range of t h e  high vo l t age  monitor ,  were used. 
By us ing  t h e  ground c a l i b r a t i o n s  of  t h e  photometer, and 
making appropr i a t e  adjustments  f o r  temperature  and t h e  
measured va lue  of t h e  high vol tage  power supply ,  t h e  amount 
of l i g h t  from Canopus was expressed i n  r ay le ighs .  

For each o r b i t  t h e r e a f t e r ,  t h e  s i g n a l  from Canopus 
was used t o  o b t a i n  the s e n s i t i v i t y  of t h e  photometer i n  
t e r m s  of r a y l e i g h s  pe r  v o l t .  These v a l u e s  were e n t e r e d  
a s  i n p u t  parameters f o r  t h e  main program of d a t a  r educ t ion ,  

These s t a r s  were a l s o  used t o  check t h e  o r i e n t a t i o n  of t h e  

OPEP photometer a s  given by the  a t t i t u d e - o r b i t  t ape .  I n  
Appendix B a r e  given t h e  d e t a i l s  of t h e  methods used t o  
compute t h e  apparent  l o c a t i o n  uf the stars as gfveii by 
t h e i r  appearance i n  t h e  photometer. I t  was found t h a t  t h i s  
apparent  l o c a t i o n  v a r i e d  by about 2-1/2 degrees ,  from 
nega t ive  va lues  on October 15, 1965 t o  a p o s i t i v e  va lue  on 
October 23, 1965. The a l t i t u d e  of t h e  lower of  t h e  t w o  
a i rg low l a y e r s  was a l so  computed, and a t  a l l  t i m e s  was 
between 60 and 113 km. This  is e q u i v a l e n t  t o  an  angular  
v a r i a t i o n  of 1.3 degrees and was more n e a r l y  random as  a 
f u n c t i o n  of t i m e ,  Errors i n  e i t h e r  or bo th  t h e  Universal  
Time a s s o c i a t e d  wi th  t h e  photometer d a t a  i n  t h e  decomm 
d a t a  t a p e  or t h e  o r b i t  given by t h e  a t t i t u d e - o r b i t  t a p e  
cou ld  be respons ib le .  
REDETION OF THE OSCILLATIONS 

Examination of t h e  d a t a  from t h e  OPEP photometer led 

t o  the fo l lowing  hypotheses:  

3 



1. Most of t h e  s t r a y  l i g h t  e n t e r i n g  the ins t rument  has 

2. The l e v e l  of t h i s  s t r a y  l i g h t  is a f u n c t i o n  of  t h e  
been r e f l e c t e d  f r o m  the s p a c e c r a f t .  

azimuth angle of t h e  OPEP c o n t a i n e r  and of  t h e  mirror 
p o s i t i o n  of t h e  photometer. 

t h e  photometer is due t o  t h e  motion of t h e  OPEP c o n t a i n e r  
about its in tended  azimuth such  t h a t  i t  r e c e i v e s  va ry ing  
amounts of s t r a y  l i g h t .  

i n  t h e  da t a ,  i n c l u d i n g  v a r i o u s  f i l t e r i n g  techniques ,  i t  
was found t h a t  best  r e s u l t s  were o b t a i n e d  by apply ing  a 
correct ion t o  t h e  d a t a  which is a f u n c t i o n  of t h e  azimuth 
angle  of t h e  OPEP c o n t a i n e r  a s  i n d i c a t e d  by housekeeping 
d a t a  from t h e  s p a c e c r a f t .  The d a t a  were cons idered  one 
scan  a t  a t i m e ,  no isy  da t a  were i d e n t i f i e d  and de le t ed ,  
and an average va lue  of azimuth determined f o r  t h a t  scan .  
S e v e r a l  o s c i l l a t i o n s  were examined t o  o b t a i n  a va lue  f o r  
t h e i r  ampli tude,  and t h e n  a p p r o p r i a t e  c o r r e c t i o n s  were 
a p p l i e d  t o  a l l  the d a t a  i n  t h a t  scan .  F u r t h e r  d e t a i l s  a r e  
given l a t e r  i n  t h e  d e s c r i p t i o n  of t h e  f i r s t  program and i n  
Appendix C .  

3. The 0.5 cps  o s c i l l a t i o n  noted  i n  the  ou tpu t  of 

Af te r  t r y i n g  s e v e r a l  methods of reducing  t h e  o s c i l l a t i o n  

T h i s  method is s u p e r i o r  t o  f i l t e r i n g  techniques  i n  
t h a t  i t  tends  t o  preserve  t h e  h igh  frequency a s p e c t s  of 
i n t e r e s t ,  such  a s  s t a r s  and s t e e p  g r a d i e n t s  i n  t h e  a i rg low 
p r o f i l e .  Because t h e  l o w  s c a l e  had an  a d d i t i o n a l  component 
of no i se  from some e l e c t r o n i c  s o u r c e ,  no p o s i t i v e  r e s u l t s  
could  be obta ined  when t h e  photometer ou tpu t  w a s  i n  t h e  
r eg ion  between about 4 .5  and 15 v o l t s .  However, t h e  d a t a  
i n  about 30% of t h e  scans  have been improved by the  a p p l i c a t i o n  
of  t h i s  method. 
DIFFERENT PROGRAMS O F  THE DATA REDUCTION 

A f t e r  t h e  pre l iminary  examination of the d a t a ,  the 
r educ t ion  w a s  d iv ided  i n t o  three main p a r t s ,  a s  diagrammed 
i n  F i g s .  1 8c 2 .  The f i r s t  program used t h e  decommutated 
d a t a  t a p e ,  and app l i ed  a number of ad jus tments  and c o r r e c t i o n s  

t h a t  were found t o  be necessary  i n  o r d e r  t o  determine the 
- 4 -  
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t o t a l  amount of l i g h t  e n t e r i n g  t h e  i n s t r u m e n t .  T h i s  was 
merged wi th  appropr i a t e  d a t a  f r o m  t h e  a t t i t u d e - o r b i t  t a p e  
and t h e  r e s u l t s  were l i s t e d  and p l o t t e d .  

The p l o t s  from t h e  f i r s t  program a r e  examined and an 
e s t i m a t e  made (manually) of t h e  l e v e l  of s t r a y  l i g h t  du r ing  
each  scan. The amount of l i g h t  a t t r i b u t e d  t o  a i rg low is 
punched on ca rds  and is  used as i n p u t  t o  t h e  second program. 
The second program merges these  d a t a  w i t h  p e r t i n e n t  d a t a  
from t h e  a t t i t u d e - o r b i t  t a p e ,  and prepared a d a t a  tape .  

s imultaneous l i n e a r  equat ions ,  and s o l v e s  t h e  s e t  t o  o b t a i n  
t h e  emission r a t e  of t h e  airglow a s  a f u n c t i o n  of a l t i t u d e .  

The t h i r d  program e n t e r s  t h e s e  d a t a  i n  a s e t  of 
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FIRST PROGRAM 
The r e s u l t  of process ing  by t h i s  program is a measure 

of t h e  l i g h t  e n t e r i n g  t h e  photometer. The i n p u t s  a r e  t h e  
dmmm d a t a  tape  and t h e  a t t i t u d e - o r b i t  t ape .  The o u t p u t s  a r e  
a p l o t  t ape  and a l i s t i n g .  I n  process ing ,  ques t ionab le  d a t a  
p o i n t s  have been d e l e t e d  and a p p r o p r i a t e  s c a l e  f a c t o r s  have been 
appl ied .  The da ta  have been cons idered  i n  terms of b locks ,  
each con ta in ing  t h e  da t a  f o r  one m i r r o r  s can  and where f e a s i b l e ,  
t h e  o s c i l l a t i o n s  due t o  t h e  motion of t h e  OPEP c o n t a i n e r  have 
been reduced. The r e s u l t s  have been p l o t t e d  a long  wi th  
s e l e c t e d  information from t h e  a t t i t u d e - o r b i t  t ape .  The fo l lowing  
s e c t i o n s  desc r ibe  t h e s e  s t e p s  i n  more d e t a i l .  
S e l e c t i o n  of d a t a  

I 

I 

The data  t o  be processed is  s p e c i f i e d  by t h e  i n i t i a l  

l and end t imes (T1 and T2) des i r ed .  I n  o r d e r  t o  s e l e c t  t h e  
r e e l s  and f i l es  con ta in ing  t h e  d a t a  between T1 and T2,  t h e  
sh ipp ing  documents prepared by Information Process ing  Div i s ion  
a r e  examined. The t imes ,  T1 and T2 a r e  punched on a c a r d  
which is introduced a t  t h e  t i m e  of t h e  run. The program u s e s  
T1 t o  p o s i t i o n  t h e  decomm d a t a  t a p e  and t h e  a t t i t u d e - o r b i t  
t a p e  a t  t h e  beginning of process ing ,  and t o  s t o p  process ing  
a t  t h e  time T2. 

More than one decomm d a t a  t a p e  may be processed i n  a 
s i n g l e  r u n ,  but  t h e  d a t a  must  be i n  ch rono log ica l  o r d e r .  
However, the a d d i t i o n  of a r o u t i n e  t o  r e p o s i t i o n  and s e a r c h  
t h e  a t t i t u d e - o r b i t  t a p e  would remove t h i s  r e s t r i c t i o n .  

I 

I 

Only  good d a t a  is used, t h a t  is,  d a t a  f o r  which t h e  d i g i t a l  
word i n d i c a t e s  t h a t  t h e  photometer is no t  i n  a c a l i b r a t i o n ,  
stand-by or some abnormal mode, bu t  is i n  t h e  proper mode f o r  
measuring airglow. If any of t he  d a t a  words i n  a given 
frame w e r e  o f f  s c a l e ,  i t  was assumed t h a t  n o i s e  was p r e s e n t ,  
and t h a t  frame of d a t a  was d iscarded .  

I 
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Appl i ca t ion  of c a l i b r a t i o n  f a c t o r s  
A f t e r  a frame of p o t e n t i a l  a i rg low d a t a  has been s e l e c t e d ,  

t h e  d a t a  is converted t o  a number corresponding t o  t h e  amount 
of l i g h t  e n t e r i n g  t h e  instrument ,  assuming t h e  t o t a l  s i g n a l  is 
from a d i f f u s e  extended source with the emission given i n  
r a y l e i g h s .  

1. 

2. 

3. 

4. 

The s t e p s  involved i n  t h e  conversion a r e  a s  fo l lows:  
S e l e c t i o n  of t h e  most s e n s i t i v e  output  word which is on  
s c a l e .  
S u b t r a c t i o n  of t he  appropr ia te  e l ec t rome te r  zero .  Since 
an examination of samples of t h e  c a l i b r a t i o n  cycle da ta  
i n d i c a t e d  t h a t  d r i f t  i n  t h e  z e r o  l e v e l  of t h e  e l ec t rome te r  
was n e g l i g i b l e ,  a cons tan t  value was e n t e r e d  f o r  each of 
t h e  t h r e e  l i n e a r  channels .  
Conversion t o  e l ec t rome te r  output .  A cons t an t  was used 
f o r  each of t h e  t h r e e  l i n e a r  words. c 

Conversion t o  emission r a t e  i n  r ay le ighs .  A s  determined 
e a r l i e r ,  a f t e r  an examinamtion of t h e  response t o  Canopus, 
and no t ing  the  slowness of  t h e  temperature  v a r i a t i o n s ,  t h e  
s e n s i t i v i t y  of t h e  photometer was e s s e n t i a l l y  c o n s t a n t  
f o r  each o r b i t .  The appropr i a t e  va lues  were e n t e r e d  by 
means of punched ca rds  when s e t t i n g  up t h e  computer r u n .  

I n  gene ra l ,  t h e  dark cu r ren t  was much s m a l l e r  than  
t h e  c u r r e n t  due t o  s t r a y  l i g h t .  Hence, it was decided 
not  t o  s u b t r a c t  dark cu r ren t  i n  t h e  F i r s t  Program, but  
t o  s u b t r a c t  i t  a t  a l a t e r  s t a g e ,  when s u b t r a d i n g  t h e  
assumed l e v e l  of s t r a y  l i g h t .  

Reduction of o s c i l l a t i o n s  
Af t e r  t h e  c a l i b r a t i o n  f a c t o r s  have been a p p l i e d  t o  a 

block of d a t a ,  t h e  program examines t h e  d i g i t a l  word t o  f i n d  
t h e  end p o i n t s  of t h e  mirror scan,  
and 59. The da ta  is t h a p r o c e s s e d  
mi r ro r  p o s i t i o n  0 and t h e  r e v e r s a l  

namely mi r ro r  p o s i t i o n s  0 

one scan  a t  a t ime (between 
of mi r ro r  t r a v e l )  i n  o r d e r  

9 



t o  reduce the 0 . 5  cps  component p re sen t  i n  the da ta .  

1. The average azimuth of t h e  OPEP c o n t a i n e r  is found by 
t a k i n g  an a r i t h m e t i c  average of the azimuth angle  given by 
the  te lemetered  s i n e  and cos ine  da t a .  
2. P a i r s  of d a t a  p o i n t s  a r e  selected such  t h a t  f o r  a given 
mirror  p o s i t i o n ,  ohe po in t  corresponds t o  the  average azimuth 
f o r  t h e  OPEP con ta ine r .  The d e v i a t i o n  which corresponds 
t o  t h e  o t h e r  po in t  is computed. 
3. The amplitude of t h e  d e v i a t i o n  a s  a func t ion  of mirror 
p o s i t i o n  is represented  by a polynomial of t h e  f i r s t  degree 
given b y  a l e a s t  square  f i t  of t h e  d e v i a t i o n s  computed i n  
the  preceding s t e p .  
4 .  Each da ta  poin t  i n  t h e  scan  is corrected f o r  t h e  d e v i a t i o n  
a s  given by t h e  above l i n e .  

The s t e p s  involved inc lude :  

Fur ther  d e t a i l s  of t h e  b a s i s  of t h i s  method a r e  given 
i n  Appendix C. 
S e l e c t i o n  of A t t  i tude-Orbi t  Informat i o n  

Before process ing  a block of d a t a ,  s e l e c t e d  a t t i t u d e -  
o r b i t  parameters f o r  t h e  t i m e  per iod  t o  be covered a r e  
en te red  i n  core .  Data i n t e r p o l a t e d  from t h e s e  t a b l e s  a r e  
inc luded  i n  the p l o t s  and l i s t i n g s  of t h e  processed photometer 
da t a .  The i n t e r p o l a t i o n  is l i n e a r .  For t h e  i n i t i a l  and 
end times of each mirror scan ,  t h e  fo l lowing  parameters a r e  
inc luded:  

Universal  t i m e  
Local t i m e  of s u b s a t e l l i t e  p o i n t  
Geographic l a t i t u d e  of s u b s a t e l l i t e  po in t  
Geographic longi tude  of s u b s a t e l l i t e  po in t  
Geomagnetic l a t i t u d e  of s u b s a t e l l i t e  po in t  
Height of s a t e l l i t e  

T h i s  F i r s t  Program c r e a t e s  a p l o t  t a p e f o r  the Stromberg- 
P l o t s  

Car l son  4020 p l o t t e r  such t h a t  each  p l o t  frame c o n t a i n s  
the d a t a  p e r t a i n i n g  t o  a s i n g l e  s c a n  of t h e  mirror .  An 
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example of a p l o t  frame is given i n  F igure  3. The d a t a ,  
g e n e r a l l y  2 p o i n t s  per mir ror  p o s i t i o n ,  a r e  p l o t t e d  i n  
v o l t s  a s  a f u n c t i o n  of mirror  p o s i t i o n ,  The t i m e ,  mirror 
n o s i t i o n ,  and p e r t l n e n t  a t t i t u d e - o r b i t  i n f u r m a t i a i  f e r  

t h e  s t a r t  and end t i m e  of t h e  s c a n  a r e  t a b u l a t e d  nea r  t h e  
t o p ,  a long  wi th  t h e  conversion f a c t o r  to r ay le ighs .  

A t  t h e  t o p  of t h e  g r i d  is p r i n t e d  a number f o r  each  
mirror p o s i t i o n  which corresponds t o  t h e  a l t i t u d e ,  h ,  of 
t h e  m i n i m u m  he igh t  of t h e  mean d i r e c t i o n  of t h e  l i n e  of 
s i g h t  of t h e  photometer (See F igu re  4). When t h e  l i n e  of 
s i g h t  is above o r  a t  t h e  max imum of the airglow l a y e r ,  h 
is an  i n d i c a t i o n  of a l t i t u d e  f r o m  which o r i g i n a t e s  t h e  
major c o n t r i b u t i o n  t o  t h e  observed airglow. 

The va lue  f o r  h is computed from 
h = (r + zs) cos a - r 

where r = r a d i u s  of t h e  e a r t h  (assumed an average va lue  of 
6370 km) 

zs = height  of t h e  s p a c e c r a f t  above the e a r t h  ( i n t e r p o l a t e d  
v a l u e )  

a = angle  of t h e  i i n e  of s i g h t  

11 
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MANUAL PROCESSING OF THE DATA 
The ? lo t ted  d a t a  from the  F i r s t  Program were examined 

manually i n  o r d e r  t o  d i s c a r d  n o i s e ,  i d e n t i f y  s t a r s ,  estimate 
s t r a y  l i g h z ,  and f i n a l l y  t o  estimate the s i g n a l  due p r i n c i p a l l y  
t o  airglow. 

number of miss ing  p o i n t s  were d iscarded .  The s t a r  s i g n a l s  
were used i n  checking t h e  o r i e n t a t i o n  of t h e  photometer. A 
smooth curve was drawn by hand through t h e  d a t a  p o i n t s  w i t h  an 
attempt t o  preserve  f e a t u r e s  of t he  s i g n a l  and y e t  t o  
d i s t i n g u i s h  the a i rg low informat ion  from s t r a y  po in t s .  I t  
was t h e n  assumedthat the s t r a y  l i g h t  could  be rep resen ted  by 
a s t r a i g h t  l i n e .  Using p r i n c i p a l l y  t h e  informat ion  a t  l o w  
numerical  va lues  of mirror p o s i t i o n ,  a l i n e  was drawn f o r  
each scan.  The d i f f e r e n c e  between t h e  curve through t h e  d a t a  
p o i n t s  and t h e  s t r a i g h t  l i n e  r e p r e s e n t i n g  s t r a y  l i g h t  was 
measured. La te r  these d i f f e r e n c e s  were punched on c a r d s  a long  
w i t h  t h e  s t a r t  t i m e  of t h e  scan ,  t h e  end t i m e ,  and the  number 
of d a t a  poin ts .  
SECOND PROGRAM: 

Those scans  which were e x c e s s i v e l y  noisy  o r  had a l a r g e  

The Second Program was w r i t t e n  fo r  the  purpose of c r e a t i n g  
a d a t a  tape  from t h e  punched c a r d  d a t a  r e s u l t i n g  from the  
manual processing. The new d a t a  t a p e  would a l s o  c o n t a i n  
appropr i a t e  a t t  i t u d e - o r b i t  information.  

stores t a b l e s  of a t t i t u d e - o r b i t  information.  The d a t a  needed 
f o r  the output  t a p e  is ob ta ined  by  l i n e a r  i n t e r p o l a t i o n .  

an i d e n t i f i c a t i o n  record. The second is a copy of the t a b l e  
of stored a t t i t u d e - o r b i t  information.  Each of the fo l lowing  
records conta in  the photometer and a t t i t u d e - o r b i t  d a t a  f o r  
one mirror scan. A s e p a r a t e  f i l e  is genera ted  for  each  orb i t .  
A double end of f i l e  is genera ted  a f t e r  the l a s t  f i l e  or  l a s t  
o rb i t  of data .  

A f t e r  p o s i t i o n i n g  t h e  a t t i t u d e - o r b i t  t a p e ,  the program 

The first record of each  f i l e  i n  the ou tpu t  d a t a  t a p e  is 
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Each da ta  record  i n  t h e  f i l e  i nc ludes  f o r  each d a t a  p o i n t :  
1. Universal  t i m e  
2. The va lue  of t h e  d a t a  poin t  i n  v o l t s  
3. The d i r e c t i o n  of t h e  l i n e  of s i g h t  (mirror p o s i t i o n )  
4.  The magnitude of t h e  pos i t i on  vec to r  
5. The t r u e  anomaly of t he  s a t e l l i t e  
6. The he igh t  of the  s a t e l l i t e  
When an update a t t i t u d e - o r b i t  t a p e  is rece ived ,  i t  can be 

merged w i t h  t h e  photometer da t a  by t h e  use of t h i s  program 
t o  gene ra t e  a new a n a l y s i s  tape.  
THIRD PROGRAM 

The purpose of t h i s  program is t o  compute t h e  emission 
r a t e  of t h e  airglow a s  a func t ion  of a l t i t u d e ,  us ing  t h e  
photometer d a t a  and a t t i t u d e - o r b i t  d a t a  on t h e  ta,pe from t h e  
Second Program. The r e s u l t i n g  p r o f i l e  is displa,yed by t h e  
4020 p l o t t e r .  

Two ve r s ions  a r e  ava i l ab le .  The f i r s t  uses  t h e  d a t a  
from a s i n g l e  scan  t o  t h e  m i r r o r .  The second was w r i t t e n  
i n  o r d e r  t o  b e t t e r  de f ine  t h e  l o c a t i o n  of t h e  emission p r o f i l e ,  
and u s e s  s e l e c t e d  d a t a  from s e v e r a l  mirror scans.  Each v e r s i o n  
a l s o  computes da t a  r e l a t i v e  t o  t h e  l o c a t i o n  of the emission 
p r o f i l e .  
S ing le  scan  method - 

The da ta  from one scan of t h e  m i r r o r  is used. To 
avoid t h e  e f f e c t s  of absorp t ion  and r e f r a c t i o n  by t h e  e a r t h  
and t h e  lower atmosphere, da t a  corresponding t o  l i n e s  of 
s i g h t  w i t h  m i n i m u m  a l t i t u d e s  (h) of less than  50 k m  a r e  
d iscarded .  (see Figure 4) .  

C e r t a i n  hypotheses have been assumed for t h e  computation 
of t h e  emis s ions  ve r sus  a l t i t u d e  : 

1. The e a r t h  i n  t h e  l o c a l i t y  under c o n s i d e r a t i o n  is 
assumed t o  be a sphere.  The r a d i u s ,  r ,  of t h i s  sphe re  is given 
by: 
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where a = semi-major a x i s  of t h e  sphe ro id  r e p r e s e n t i n g  t h e  
e a r t h ,  

a x i s ,  and 

t h e  s c a n  of t h e  photometer. 

f = f l a t t e n i n g  which is a / ( a  - b)  , b is t h e  semi-minor 

‘p = l a t i t u d e  of t h e  average s u b - s a t e l l i t e  po in t  d u r i n g  

2. The airglow is rep resen ted  a s  a number of t h i n ,  
uniform, s p h e r i c a l  l aye r s .  For each scan  a l l  bu t  t h e  i n i t i a l  
l a y e r  a r e  chosen t o  have t h e  same t h i c k n e s s ,  a minimum of 15 km. 
The c o n t r i b u t i o n  of each l a y e r  t o  t h e  observed emission r a t e  
a long  each  l i n e  of s i g h t  of t h e  va r ious  mirror p o s i t i o n s  can 
be represented  by a s e t  of s imultaneous l i n e a r  equa t ions .  
The computations of t h e  unknowns r e p r e s e n t i n g  t h e  emission 
of each t h i n  l a y e r  is done by a l e a s t  squa res  method. The 
d e t a i l s  of t h i s  and t h e  method of s o l u t i o n  are given  i n  Appendix D. 

An example of t h e  r e s u l t s  of t h i s  method is shown i n  t h e  
4020 p l o t  reproduced i n  Figure 5. I n  t h i s  example, t h e  emission 
r a t e s  were computed f i v e  t i m e s ,  each t ime us ing  a d i f f e r e n t  
t h i c k n e s s  for t h e  i n i t i a l  l aye r .  

The t a b u l a r  d a t a  a t  t h e  t o p  of t h e  p l o t  i n d i c a t e  t h e  
t i m e  and l o c a t i o n  of t h e  p r o f i l e .  T h i s  is done by g i v i n g  
d a t a  p e r t i n e n t  t o  p o s i t i o n s  A and B (see Figure 4)  f o r  t h e  
l a r g e s t  and s m a l l e s t  s i g h t  ang le s  used i n  t h i s  computation. 
Th i s  is done by adding t h e  angle  of t h e  l i n e  of s i g h t  (a l  or a,) 
t o  the t r u e  anomaly of t h e  spa ,cecraf t  a t  t h e  time of t h e  obse rva t ion .  
Using t h e  r e su l t  a s  a t r u e  anomaly, i n t e r p o l a t i o n  i s  made i n  
t h e  d a t a  of t h e  t a b l e  of a t t i t u d e - o r b i t  d a t a  t o  f i n d  t h e  sub- 
s a t e l l i t e  point  corresponding t o  t h a t  angle .  The long i tude  
of t h i s  po in t  is c o r r e c t e d  for t h e  r o t a t i o n  of t h e  e a r t h .  
S i m i l a r l y ,  the l o c a l  mean t i m e ,  geomagnetic t i m e ,  and t h e  
geomagnetic coord ina tes  a r e  a l s o  computed. 
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P a r a l l e l  method 
This method uses d a t a  selected from s e v e r a l  s u c c e s s i v e  

s c a n s  of the  mirror and is used for  the purpose of computing 
t h e  emis s ion  over  specif ied l o c a t i o n s .  From the  s e v e r a l  
mirror s c a n s ,  d a t a  is selected f o r  which the  l i n e  of s i g h t  
is perpend icu la r  (or n e a r l y  so> t o  t h e  l o c a l  v e r t i c a l  through 
the  selected l o c a t i o n .  See Figure  6. A s  i n  the s i n g l e  s c a n  
v e r s i o n ,  no da ta  is used f o r  which the  l i n e  of s i g h t  is less 
than  50 km from the s u r f a c e  of the e a r t h .  

The hypotheses fo r  the  computations a r e  s i m i l a r  t o  
those  for  the  s i n g l e  scan  method except t h a t  i n  t h e  computation 
of R, rp is the  l a t i t u d e  of the selected l o c a t i o n .  A l s o ,  
in order t o  we the same r o u t i n e s  fo r  the computations,  i t  
was found convenient t o  compute an apparent  p o s i t i o n  and l i n e  
of s i g h t  f o r  each d a t a  p o i n t ,  a s  indicated i n  Figure 6. 

the  same time and l o c a t i o n  a s  i n  F igure  5, is s b w n  i n  F igure  7 .  
The s i m i l a r i t y  of t h e  two is a measure of tke I n t e r n a l  
cons i s t ency  of t h e  experiment da t a .  

t i m e  and l o c a t i o n  of the emission p r o f i l e .  When the p a r a l l e l  
method is used, the a i rg low l a y e r s  a r e  no t  chosen t o  be of 
equa l  th ickness .  The emission p r o f i l e  in Figure 7 was computed 
twice: once w i t h  a minimum l a y e r  t h i c k n e s s  of 12 km, and 
aga in  w i t h  the l a y e r s  s e l e c t e d  i n  a d i f f e r e n t  manner bu t  wi th  
a minimum t h i ckness  of 20 Itlp. 

An example of the r e s u l t  of t h i s  method, chosen fo r  about  

Here a l s o ,  t a b u l a r  d a t a  hambeen given t o  describe the 

General Comments 

r o u t i n e s )  and p a r t l y  i n  F o r t r a n  IV f o r  the 7094 Model 11. 
Plo t  t a p e s  f o r  t h e  Stromberg-Carlson 4020 p l o t t e r  a r e  genera ted  
through t h e  use of the North American so f tware  package. 

Besides these t h r e e  programs designed fo r  product ion  
p rocess ing  of the d a t a ,  s e v e r a l  other s p e c i a l  purpose programs 
have been compkked. Examples i n c l u d e  the  computation of t h e  
l o c a t i o n  of t h e  , s t a r s ,  Canopus and S i r i u s ,  a s  observed 
by the photometer, and computation of the emission p r o f i l e  

A l l  programs have been w r i t t e n  p a r t l y  i n  MAP ( i n p u t  
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. 
by representing i t  a s  a polygonal l i n e .  

processing,  it is  obvious that many of the funct ions  are 
elementary and need improvement. I t  is hoped that  for the  
future these problems w i l l  have a better Solut ion.  

Even i n  t h i s  set  of three programs for production 



APPENDIX A 

USE OF THE DATA FROM A SATELLITE-BORNE EXPERIMENT 

INTRODUCTION 
Th i s  paper is no t  for the  purpose of d e f i n i n g  a method 

for  us ing  t h e  d a t a  from an a r t i f i c i a , l  s a t e l l i t e ,  bu t  r a t h e r  is 
for t h e  purpose of g i v i n g  a genera l  i d e a  of t he  problem. It  is 
r e a l l y  d i f f i c u l t  t o  gene ra l i ze  because t h e  method depends 
p r i n c i p a l l y  on t h e  s a t e l l i t e ,  t h e  volume of in format ion ,  and 
t h e  p a r t i c u l a r  experiment. However, i t  is p o s s i b l e  t o  ma,ke 
some gene ra l  remarks which a re  of va lue  f o r  a l l  cases .  

PRINCIPAL PROBLEMS 
1. Volume of d a t a :  The major problem is t h e  volume of da t a .  
The p r i n c i p a l  f a c t o r s  a r e  t h e  l i f e t i m e  of t h e  s a t e l l i t e ,  t h e  
t e l eme t ry  c a p a c i t y ,  and t h e  proport ion of t h i s  ass igned t o  the  

p a r t i c u l a r  experiment . 
s a t e l l i t e ,  OGO 11, from experiment 5012. The information r a t e  
of t h e  t e l e m e t r y  s y s t e m  i s  4 k i l o b i t s  pe r  second (kbs).  
Assigned t o  t h i s  experiment a re  10 words of 9 b i t s  each,  each 
of which  is sampled every 288 seconds.  D u r i n g  t h e  process  of 
d i g i t i z a t i o n  and decommutation, t h e  amount of informat ion  is 
m u l t i p l i e d  by about a f a c t o r  of 4. For t h e  first 10 days,  t h e  
experimenter  has rece ived  25  d i g i t a l  magnetic t a p e s  con ta in ing  
about 5 t o  7 hours on each. For a s a t e l l i t e  l i f e t i m e  of 6 

months t h i s  corresponds t o  about 450 t a p e s .  To t h i s  number m u s t  
be added an equa l  number of tapes  which were recorded i n  r e a l  
t i m e  a t  d a t a  r a t e s  of 16 and 64 kbs. 
2. Q u a l i t y  of t h e  d a t a :  Sometimes due t o  n o i s e ,  sometimes t o  
a l o s s  i n  synchron iza t ion ,  the q u a l i t y  and use fu lness  of t h e  d a t a  
becomes h igh ly  ques t ionable .  The problem becomes one of knowing 
how t o  recognize t h e s e  per iods and t o  d i s t i n g u i s h  t h e  no i se  
from t h e  phys ica l  phenomenon. The only  method, sometimes, is 

Consider ,  f o r  example, t he  d a t a  recorded on board t h e  

t o  
3. 
is  

t o  

list t h e  informat ion  for the  per iod  i n  ques t ion .  
Time: I n  o r d e r  t o  i d e n t i f y  and l o c a t e  t h e  d a t a ,  each poin t  

a s s o c i a t e d  w i t h  time. T h i s  t ime is sometimes i n  e r r o r  due 
a malfunct ion of t h e  c l o c k  i n  t h e  s a t e l l i t e ,  t o  no i se ,  or 
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t o  t h e  time provided by t h e  t r a c k i n g  s t a t i o n s .  It has  been 
noted t h a t  f o r  experiment 5012 on OGO 11, t h e  Universal  Time 
on  "Quick Look" t a p e s  is erroneous f o r  every  8 t h  d a t a  po in t .  

Other e r r o r s  such a s  t h e  day of t h e  yea r  or even t h e  
year  occur .  Cer ta in  of t h e s e  e r r o r s  cannot be d e t e c t e d  except  
by v i s u a l  examination. 
4. Dupl ica t ion  of d a t a :  Seve ra l  t r a c k i n g  s t a t i o n s  s imul taneous ly  
record t h e  da t a  from t h e  s a t e l l i t e .  A l s o ,  some of t h e  da t a  has  
been d i g i t i z e d  s e v e r a l  t i m e s ,  and each t ime ,  a t a p e  is f u r n i s h e d  
t o  t h e  experimenter.  F i n a l l y ,  added t o  t h e s e  normal problems, 
a r e  abnormal ones Such a s  malfunct ions of t h e  s a t e l l i t e  or t h e  
experiment which aga in  complicate  t h e  use of the da ta .  
APPROACH TOWARD A SOLUTION 

One would l i k e  t o  t h i n k  of immediately apply ing  a program 
for a n a l y s i s  of t h e  d a t a  d i r e c t l y  t o  t h e  t a p e  r ece ived  by the 

experimenter .  This  is not  d e s i r a b l e  f o r  s e v e r a l  reasons :  
1. A t a p e  c o n t a i n s  s e v e r a l  f i l e s ,  each corresponding t o  

a passage of the s a t e l l i t e  over  a t r a c k i n g  s t a t i o n .  The 
decommutation program pu t s  t h e s e  f i l e s  i n  ch rono log ica l  o r d e r  
on t h e  t a p e ,  but i n t e r v a l s  of t i m e  may occur  between these b locks  
of da t a .  The da ta  corresponding t o  t h e s e  i n t e r v a l s  may be on 
o t h e r  t a p e s  w i t h  da t a  which have been recorded by another  s t a t i o n .  

2. These t apes  con ta in  raw da ta .  Sometimes t o  give them 
meaning, t h i s  da ta  must be c a l i b r a t e d .  I f  t h e  c a l i b r a t i o n  and 
a n a l y s i s  a r e  done by t h e  same program, t h a t  program becomes 
overloaded and unmanageable. 

the  d a t a ,  w i t h  a d e s c r i p t i o n  of t h e  t a p e s  and f i l e s  for t h e  
purpose of f u t u r e  u t i l i z a t i o n .  

s e l e c t i o n  of data  for a n a l y s i s  be e s t a b l i s h e d .  These c r i t e r i a  
would apply t o  the  d a t a  added du r ing  decommutation ( q u a l i t y  
i n d i c a t o r s ) .  

3. The volume of t h e  d a t a  r e q u i r e s  a s e r i a l  c a t a l o g  of 

4. The dup l i ca t ion  of d a t a  r e q u i r e s  t h a t  c r i t e r i a  f o r  

A l l  t h e s e  reasons l e a d  one t o  d e f i n e  t w o  phases i n  the use 
of t h e  da t a .  These two s t e p s  a r e  c a l l e d  "Data Reduction" and 
"Data Analysis".  
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DATA REDUCTION 
The "Data Reduction" is t h e  first gassage r f  t h e  t a p e s  

through t h e  computer. Th i s  program a p p l i e s  a l l  t h e  o p e r a t i o n s  
t o  t h e  d a t a  except  t hose  of a n a l y s i s  and gene ra t e s  t a p e s  

I t  i n c l u d e s  ope ra t ions  such as:  

the  raw d a t a  i n t o  phys ica l  (engineer ing)  u n i t s .  T h i s  s t e p  of 
t h e  programming must be v e r s a t i l e  , cons ide r ing  the  problems 
t h a t  one can encounter  which make t h a t  conversion d i f f i c u l t .  

t h e  gene ra t ion  of i n d i c a t o r s  d e s c r i b i n g  the q u a l i t y  of t h e  
da ta .  These i n d i c a t o r s  s e r v e ,  f o r  example, i n  t h e  case  of 
d u p l i c a t i o n  of t h e  d a t a ,  o r  even i n  t h e  a n a l y s i s  of t h e  d a t a  
i t s e l f .  The corresponding per iods could be tagged by a q u a l i t y  
i n d i c a t o r .  

c ~ n t : i ~ i , ~ g  eal ibra+,ed data l.vhj.& 1 3 2 ~  be r_?c=rl f ~ r  ~lr,iJvcic, a--- 

1. C a l i b r a t i o n  of t h e  d a t a ,  t h a t  is t o  s a y ,  conversion of 

2.  Correc t ion  of d a t a  a f f e c t e d  by noise .  Th i s  is r e a l l y  

3. Generat ion of a ca t a log ,  Th i s  c a t a l o g  would g ive  a s  
complete a d e s c r i p t i o n  a s  poss ib le  of t he  d a t a  on t h e  "output" 
tape.  I t  would be updated during each passage of t h e  program 
through t h e  machine. Th i s  is t h e  fundamental t o o l  f o r  the 

r e t r i e v a l  of d a t a  f e r  a c e r t a i n  periad.  This c a t a l o g  would be 

a b a s i c  instrument  i n  t h e  a n a l y s i s  of t h e  da ta .  
4. Compression of t h e  da t a .  A f t e r  c a l i b r a t i o n ,  t h e  

volume of d a t a  is  diminished by a f a c t o r  of about 10. The 
" o u t p u t "  of t h e  program would be more manageable because 
of t h e i r  s m a l l e r  number. It is not  unusual t o  see almost 600 

t a p e s  compressed t o  50. I t  could a l s o  be merged wi th  d a t a  from 
o t h e r  sources ,  such  a s  the a t t i t u d e  o r b i t  ta,pe of t h e  s a t e l l i t e ,  
without  which the experiment da , t a  has no si@ i f i c a n c e .  

5 .  To t h e s e  func t ions  a r e  a,dded l i s t i n g s ,  p l o t s ,  etc.  
Th i s  enumeration cannot be complete because c e r t a i n  func t ions  

depend wholly on t h e  experiment i t s e l f .  However, t h e  l o g i c  of 
t h e  program is  a b s o l u t e l y  genera l  and should be u s e f u l  f o r  each 
experiment . 

The second p a r t  depends e n t i r e l y  On t he  experimenter  and 

t h e  experiment. I t  cannot be de f ined  be fo re  an examination Of 
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I 

t h e  da t a .  
Take, for example, t h e  problem of no i se .  The d a t a  can 

be per turbed  by some k ind  of noise .  An a n a l y s i s  is able  t o  
d e f i n e  the frequency. One can t h e n  c o n s t r u c t  a f i l t e r  and 
apply i t  t o  t h e  da t a .  

i t  w i l l  be d i f f i c u l t  t o  apply it s y s t e m a t i c a l l y  t o  a l l  t h e  
d a t a .  

Th i s  s t e p  is c e r t a i n l y  t h e  m o s t  complex, t h e  longes t  and 

DESIRABLE QUALITIES OF A COMPUTER FOR USE I N  THE EXPLOITATION 
OF THE DATA I 

The da ta  from t h e  s a t e l l i t e  are always "packed" on a 
magnetic tape.  Therefore  b i t s  must be manipulated f o r  each 
d a t a  poin t .  With such a l a r g e  volume of d a t a ,  it is des i rab le  
t h a t  t h e  machine cyc le  be rap id .  

I The method employed depends on the machine t o  be used. 
A t  GSFC, t h e  machines m o s t  used a t  t h i s  t i m e  are  t h e  IBM 7094 
Model 11, and Univacs 1107 and 1108. Other  computers, such  
as  t h e  IBM 7010 and IBM 1410 a r e  a l so  used i n  v a r i o u s  phases 
of d a t a  reduct ion.  

Desirable q u a l i t i e s  f o r  a computer i nc lude :  
1. Rapid c y c l e  
2. Large memory 
3. Numerous t a p e  d r i v e s  
4. Rapid Input/Output 
5 .  Developed so f tware  ( p l o t  programs, etc.) 
An experiment y i e l d i n g  a large volume of d a t a  (such as 

O W )  would r equ i r e  an  average of 5 t o  10 hours  a week, depending 
on  t h e  type  of computer and obvious ly  dependent on the  type  
of ope ra t ions  performed on t h e  da t a .  Most of t h e  t i m e ,  the  

program of Data Reduction would be r u n  a s  a s i n g l e  block on 
t h e  computer. The rest of t h e  t i m e  it would be used for  
a n a l y s i s  programs, p l o t s ,  e tc .  I 
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It is also necessary t o  d i sp l ay  t h e  da t a  for v i s u a l  
examination. I t  is n o t  t h e  ques t ion  of l i s t i n g  a l l  o r  p a r t  of 
t h e  d a t a  on paper. The amount of d a t a  l i s t ed  depends on t h e  

is  needed t o  p l o t  t h e  va r ious  forms of d a t a  i n  a r a p i d  manner. 
A t  GSFC, t h e  Stromberg-Carlson 4020 is  used f o r  many a p p l i c a t i o n s .  
I t  is not o n l y  p o s s i b l e  t o  put t h e  p l o t s  on f i l m  or on paper,  
b u t  i t  is a l s o  p o s s i b l e  t o  generate  t h e  l i s t i n g s  on f i l m ,  t o  
compress the volume. For an experiment on O W ,  3 t o  8 hours a 
week of p lo t t e r  t i m e  seems reasonable.  

experiment and what tiia exyerfiiizi~tar ~ i s h e s  to s e e .  .. A nln+te- r-- 

I n  summary, one is  ab le  t o  say  t h a t  a powerful computer 
a s  w e l l  a s  a r a p i d  p l o t t e r  a r e  ind ispensable .  

CONCLUSION 
The c o n t e n t s  of t h e s e  pages a re  i n t e n t i o n a , l l y  gene ra l  and 
cannot be complete. I n  e f f e c t ,  a l l  t h e  f a c t o r s  a r e  dependent 
on t h e  experiment i t s e l f .  However, whatever method is used, 
t h e s e  same problems w i l l  be encountered, and one w i l l  be l e d  
t o  a s i m i l a r  approach i n  o rde r  t o  r e so lve  t h e  problem. 
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APPENDIX B 

ORIENTATION OF THE OPEP 
During the  f i r s t  t e n  days t h a t  t h e  OPEP experiment w a s  i n  

p r o g r e s s , '  i n  p a r t i c u l a r ,  d u r i n g  t h e  eclipse and tw i l igh t  
p o r t i o n s  of orbi t s  8, 9, 35, 105, 106, 107, 108, i O S ,  IN, 
111, 114, 125, 126, and 123, it has  been possible t o  detect 
t w o  s t a r s ,  S i r i u s  and Canopus. 

% % I \  

Using t h e  a t t i t u d e - o r b i t  t a p e  of t h e  s a t e l l i t e ,  and 
assuming the  idea l  a t t i t u d e  fo r  t h e  s a t e l l i t e ,  i t  has been 
possible t o  c a l c u l a t e  the "sidereal hour angle" and t h e  
d e c l i n a t i o n  of these two s t a r s .  
Method No. 1 

T h i s  c o n s i s t s  of us ing  the  c o o r d i n a t e s  of t h e  OPEP 
package i n  t h e  g e o c e n t r i c  coord ina te  system (GEI system). 
Le t  xe, ye, and Ze,  be t h r e e  u n i t  v e c t o r s  i n  t h e  system of 

r e f e r e n c e  fo r  t h e  OPEP. 
i n  t he  system of  r e fe rence  for  g e o c e n t r i c  s y s t e m .  
See F i g u r e s  -1 and 2.  

+ 4 4 

Let  x, 3, c, be t h r e e  u n i t  vectors 

A t  t h e  t i m e ,  t ,  fo r  an  angle  of view a, (a = 0 a t  h o r i z o n t a l ) ,  
l e t  Ia be t h e  u n i t  v e c t o r  i n  t h e  d i r e c t i o n  of s i g h t  f o r  t h e  
o r i g i n ,  one can w r i t e  (see Figure 2): 

4 4 -9 

Ia= cosa Xe + s i n a  Ze 

Hence, t h e  average d i r e c t i o n  of t h e  f i e l d  of view of t h e  
photometer is always i n  t h e  X Z plane. e4 e 3 -9 

a r e  g iven  on  t h e  a t t i t u d e - o r b i t  t a p e  a t  t h e  t i m e  t i n  t h e  (i, j ,  k) 
system of re ference .  

The coord ina te s  of t h e  (Xe, Ye ,  Ze) system of u n i t  v e c t o r s  
- 9 4 4  

7 4 

/ ( p r o j  xe)  1 = a 
-+ 4 -9 { ( p r o j  xe> j = b 'e 

4 

[ ( p r o j  ie) k = c 

[ ( p r o j  Pel i = a '  
4 
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4 - + - e  
So, the c o o r d i n a t e s  of Ici in the (I, j ,  2) system are: 

a cosa + a'' sina 

b cosa C b" s i n a  'a d l  c cosa + c" e i n a  

The coord ina te s  of t he  u n i t  v e c t o r s  are:  

So f3 = (G, ?a) it is immediately g iven  by the c o s i n e s :  
-b 4 

I, cosf3 = k . 
or 

cos@ c cosca + c" s i n a  
p is an  angle between 0 t o  1~ and the cosines are s u f f i c i e n t  
to determine t h i s  angle  i n  a unique manner, 
The d e c l i n a t i o n  is r e l a t e d  t o  t h i s  B by t he  simple r e l a t i o n  

- a r c  coss 2 6 a  

The r i g h t  ascens ion  is given  In the  same manner by the c o s i n e s  
-. + 

cos RA " i ' I, 
or 

cos RA 9 a c o ~ a  $. a" elna 
where 

In order to determine t h e  angle uniquely ,  it l e  s u f f i c i e n t  to  
-b I. 

c o n s i d e r  the p r o J e c t l o n  of I, on j. 
if (proj (?,)I 3 2 0 0 5 n 
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One t h e n  immediately o b t a i n s  t h e  " s i d e r e a l  hour angle"  (SEA) 
by t h e  r e l a t i o n  

SHA = 2l-f - RA 
Conclusion 

A t  t he  t i m e ,  t ,  by i n t e r p o l a t i o n  one o b t a i n s  f r o m  t h e  
a t t i t u d e - o r b i t  t a p e  Xe, Ye, and Ze i n  t h e  (i, 3, z) system. 
also has a given by t h e  p o s i t i o n  of t h e  photometer m i r r o r .  
So one can c a l c u l a t e  SHA and 6. One is a b l e  t h e n  t o  compare t h e  
c a l c u l a t e d  va lues  wi th  those given i n  t a b l e s  (e.g. t h e  N a u t i c a l  
Almanac). 
Method No. 2 

- 
-. 4 -D 

One 

T h i s  method, more direct ,  is for  the  purpose of computing 
t h e  angle ,  a, def ined  above. T h i s  uses  on ly  the vector 
g i v i n g  the p o s i t i o n  of t h e  s a t e l l i t e  and t h e  v e c t o r  S p o i n t i n g  
i n  t h e  d i r e c t i o n  of t h e  s t a r .  See F igure  3. 

When t h e  photometer has a s t a r  i n  its f i e l d  of view, 
one is a b l e  t o  d e f i n e  t h e  u n i t  vector Ia i n  t h e  d i r e c t i o n  of 
t h e  obse rva t ion  and p a r a l l e l  to t h e  u n i t  v e c t o r ,  S, which s t a r t s  
from t h e  center of t h e  e a r t h  and p o i n t s  toward t h e  s ta r .  

Using the r i g h t  ascension (U) and t h e  d e c l i n a t i o n  (6 )  

t h e  coord ina te s  of S i n  t h e  g e o c e n t r i c  system a r e :  (see F igure  4) 

4 

4 

4 

cos t s i n  RA 
s i n  6 

cos RA 

I O S  4 

The c o o r d i n a t e s  of P a t  t h e  t i m e ,  t ,  a r e  known i n  t h e  
g e o c e n t r i c  s y s t e m .  The angle  would be i n  o u r  c a s e ,  always 
between 0 and l-f. 

-* 

cos p = 0 s  
$1 

or 

One o b t a i n s  then  simply t h e  ang le  of depres s ion ,  a, which one 
compares w i t h  t h e  angle  given by t h e  p o s i t i o n  of t h e  mirror 
of t h e  photometer. 
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Results  
Canopus (6 = -52O 40' 12") has appeared i n  the f i e l d  of 

view of the instrument about 35 times. 
has appeared ten times. 
( S i r i u s  is more d i f f i c u l t  to d e t e c t  because of the stray light 
and the oscillatory movement of the OPgP conta iner , )  

Sirius (6 = -16O 39' 48") 
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APPENDIX c 
REDUCTION OF OSCILLATIONS 

PURPOSE 
The purpose of t h i s  method is to reduce a s t r a y  o s c i l l a t i o n  

I E  the dste associstee Tith s zl:o+,l=r: i:: zsZiZ&th of the SPXP 
con t  a i ne r . 
HYFOTHESIS 

It is assumed t h a t  the  p r i n c i p a l  source of s t r a y  l i g h t  which 
comes i n t o  the  photometer is the  r e f l e c t i o n  of s u n l i g h t  f r o m  
the s p a c e c r a f t ,  probably f r o m  the  VLF antenna. The amount of 
s t r a y  l i gh t  e n t e r i n g  t h e  photometer is a f u n c t i o n  both of the  
azimuth, Y, of the OPEP con ta ine r ,  and of the m i r r o r  ang le ,  u, 
the depress ion  of the l i n e  of s igh t  below the  X-Y plane of the 

s p a c e c r a f t .  
METHOD 

The amount of s t r a y  l i g h t  can  be r ep resen ted  by a fami ly  
of curves  a s  i l l u s t r a t e d  i n  Figure 1. Since  the o s c i l l a t i o n  
is of r e l a t i v e l y  sma l l  amplitude (3 degrees  t o t a l  amplitude) 
t h e  v a r i a t i o n  of s t r a y  l i g h t  as a f u n c t i o n  of angle  dur ing  
one o s c i l l a t i o n  can be approximated by a s t r a i g h t  l i n e  segment. 

For each va lue  of a, there a r e  a v a i l a b l e  t w c  success ive  
obse rva t ions  of t o t a l  s i g n a l  from t h e  photometer, IT' and the  

corresponding va lues  of Y . I 

The t o t a l  s i g n a l  can be r ep resen ted  by t h e  fo l lowing  
expres s ion  : 

where 
Is = i n t e n s i t y  of t h e  ai rglow 
IL = i n t e n s i t y  of t h e  s t r a y  l i g h t  
One cannot compute IL. However, one can t r y  t o  correct 

.. By using Taylor ' s  formula, and l i m i t i n g  it t o  the first 

I for the  s t r a y  o s c i l l a t i o n  and compute IT(a, Y a v e ) .  T 

o r d e r ,  one can w r i t e  (1) a s  

'ave AY = Y'L 
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- ,  

I T b ,  Y a v e )  = I,(a) + IL(", Yave) 

= I+, If) - AH IL7(U, 1' ) ave 
IT(a, 'u) is given by t h e  photometer 
A I  is known f r o m  t h e  te lemetered  s p a c e c r a f t  d a t a  
I L W ,  Pave ) must  be computed 
For t h i s  one can use  both  measurements corresponding t o  

the  same s t e p  of the  mir ror .  F i r s t ,  from t h e  d a t a  corresponding 
t o  one scan  of t h e  m i r r o r ,  one computes t h e  average va lue  of 1. 

Then one examines t h e  d a t a  t o  f i n d  obse rva t ions  which happen 
t o  have been made when u' = Y . I n  gene ra l ,  f o r  a given m i r r o r  ave 
p o s i t i o n ,  if Y f o r  one da ta  p o i n t  equa l s  Y a v e ,  t hen  I fo r  t h e  
other d a t a  p o i n t  is not  equal  t o  Y . That is ,  ave 

d a t a  poin t  1 a, Yave 
d a t a  p o i n t  2 a, Y # Y ave 

For d a t a  poin t  1, one can w r i t e  

For d a t a  poin t  2, 

Noting t h a t  t h e  first t e r m  on t h e  r i g h t  hand s i d e  is d a t a  poin t  

1,  

or 
d a t a  po in t  2 - d a t a  po in t  1 IL%, Yave) = A Y  

I,(a) being  t h e  same f o r  da t a  point 2 and d a t a  poin t  1. So 
f o r  a s c a n ,  w e  can o b t a i n  by t h i s  means, discrete va lues  of 

Since t h e  source  of s t r a y  l i g h t  is somewhat above the 

photometer w e  add t h e  hypothesis  t h a t  t h e  amplitude of the o s c i l l a t i o n  
is a l i n e a r  f u n c t i o n  of a. That is, 

ILy(a, Ifave) = Aa 4- B 
To t ake  i n t o  account t h e  e r r o r s  of measurement, we w i l l  compute 
A and B by a l e a s t  squares  method. F i n a l l y ,  t h e  correct 
va lues  w i l l  be given by 

I 

I(a, 'fave) = IT - AY(Au + B) 
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UI'ILIZATION OF THE DATA 
The block of d a t a  used to  compute A and B h a s  been chosen 

t o  be a s i n g l e  scan  of t h e  mirror t o  s a t i s f y  t h e  hypo thes i s  on 
t h e  amplitude of the o s c i l l a t i o n s .  T h i s  corresponds t o  a 
maximum of 120 d a t a  poin ts .  T h i s  scan r e p r e s e n t s  about  36 
seconds of observa t ions .  T h i s  is a long  enough period t o  give 
s e v e r a l  p a i r s  of p o i n t s  f o r  computation of A and B, b u t  s h o r t  
enough so t h a t  e f f e c t s  of temporal v a r i a t i o n s  of airglow and 
of Y a r e  minimized. 
CONCLUSION 

* .  

Figure  2 and Figure 3 a r e  t h e  r e s u l t  of t h e  a p p l i c a t i o n  of 
t h i s  method. The method is s a t i s f a c t o r y  when t h e  d a t a  are no t  
too noisy.  

! 
I 

I 

38 



-7- 



W 

I 



. .  

APPENDIX D 
COMPVL‘ATION OF TFE VERTICAL EMISSION PROFILE 

STATEXENT OF THE PRDBLEM 
-- ‘me photometer looks i i i  difr”ai=eii’, Girectioiis throiig5 

t h e  a i rg low l a y e r s ,  scanning an angle  of 30° by steps of 
1/2 degree f r o m  t h e  h o r i z o n t a l  plane of t h e  s p a c e c r a f t .  

It  measures t h e  i n t e g r a t e d  emission a long  the l i n e  of 
s igh t .  Using t h e s e  d a t a ,  emission p r o f i l e  ve r sus  a l t i t u d e  
of t h e  6 3 0 0 A  emission l i n e  was computed. 

The photometer has a f i e l d  of view, n. In a s p e c i f i c  
4 

d i r e c t i o n ,  a t  a d i s t a n c e  .Iri from t h e  in s t rumen t ,  t h e  r a t e  of 
photon emission pe r  u n i t  e lemental  volume of space is F( r ) .  
L e t  A be the s e n s i t i v e  area of t h e  photometer, r being 
normal t o  A. 

+ 

The r a t e  a t  which photons f a l l  upon t h e  r e c e i v i n g  a r e a  
2 f r o m  an e lementa l  volume of t h e  sky. of l e n g t h  d r  is ( A / 4 m  ) F ( r ) d r .  

The r a t e  a t  which a l l  t he  photons emi t t ed  by t h e  sky 
a r e  r ece ived  by t h e  photometer is 

m 
F 

J = I (A/4nr2)nr2F(r)dr 

To put J i n t o  u n i t s  of r-ayleighs,  w i th  r i n  c m  and F ( r )  ia  
3 -1 photons cm- sec 

f m  

(1) J = 10-6]o F(r)dr 

= kJ F ( r ) d r  
03 

0 

The unknown is t h e  f u n c t i o n  F ( r ) ;  J is t h e  l i g h t  i n t e n s i t y  
measured by t h e  photometer. 
MATHEMATICAL EQUATIONS 

Replace (l),by 
(2) J = k 1 I ( z )  dz dr dz 

2s 

41  



where zs = a l t i t u d e  of t h e  spacecraft 
I(z) = v e r t i c a l  emission v e r s u s  a l t i t u d e  
For a l l  t h e s e  computations,  assume t h e  e a r t h  t o  be l o c a l l y  

a sphe re ,  and an i d e a l  a t t i t u d e  of t h e  s p a c e c r a f t .  Thus 
t h e  u n i t  v e c t o r ,  a, which p o i n t s  from t h e  photometer towards 
t h e  c e n t e r  of t h e  e a r t h ,  and t, a long  t h e  l i n e  of s i g h t ,  are 
both  i n  t he  p lane  of t h e  orbi t .  (see Fig. 1) 

-b 

To compute dr/dz. 

1/2 In  the  t r i a n g l e ,  oab 
(3) z = [ r2  + (R + zs l2  - 2r(R i- 2s) s i n  a] - R  

dz - r - (R + 2;s) s i n  a 
d r  z + R  - -  

Hence from (2) 
r r n  

El imina t i sE  r. From (3) 
2 r2 - 2r(R 4- zs) s i n a  - (R + z) + (R + Z S ) ~  = 0 

1/2 
Hence, 

2 2  r = (R + 2 s )  s i n a  2 [(R + z12 - (R + zs) cos a ]  

I (z)  (R + e) d z  + zmin 
J = -kJzs 

[ (R + z12 - (R + zs2 cos2afn 

+ ~ s ) ~ c o s a ~ ] ~ ~  

Making t h e  hypothes is  t h a t  I(z) is a f u n c t i o n  on ly  of z, 

( (R + z )  I ( z )dz  
k J z s  [(R 4- z l 2  - (R + Z S ) ' C O S ~ ~ ] ~ ' ~  

6 w i t h  k = 10- 
R e s t r i c t i o n  upon a 

i n t e g r a t i n g  from a m i n i m u m  a l t i t u d e ,  zmini ,  t h e r e f o r e ,  
zmin  = (R + 2s) cosa - R 

zmin 2 zm&ni 2 0 
l and 
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(R + zs) cosa - R 2 zmini 

So lu t ion  of t h e  problem by means of " s t e p  f u n c t i o n "  

Reca l l  t h e  hypotheses:  
1. I ( Z )  is a f u n c t i o n  of z on ly  
2. The s p a c e c r a f t  a t t i t u d e  is i d e a l  
3. E a r t h  is l o c a l l y  a sphere  
4. The photometer is i n t e g r a t i n g  a long  t h e  l i n e  of s ight  

The d a t a  c o n s i s t e d  of a r e a d i n g  of t h e  ins t rument  
every 288 mil l i s econds  a long  w i t h  t h e  d i r e c t i o n  of t h e  l i n e  
of s i g h t  and t h e  a l t i t u d e  of t h e  photometer. For  t h e  set  
of d a t a ,  J j ,  j = 1,. ... n. 

- 

I Choose a series of a l t i t u d e s ,  zl,  z2, z3....zN, zN + 1. 

Between t w o  a l t i t u d e s ,  z i ,  zi+l assume t h a t  

I(zl)  * I (z )  f ( z i + l )  e q u a l s  a cons tan t .  Under z1  and^ 
above zN+lj I(z) = 0 .  

Thus t h e  curves  a r e  approximated by a ser ies  of steps a s  
shown i n  Fig.  2. T h i s  l i n e a r i z e d  t h e  problem. Let 

2 2 1 /2 ]  %+l 
B = I ( z i )  [[m + z l 2  - (R + zs) COS U ]  

zi 

L e t  
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1/2 2 2 d z )  = [(R + z ) ~  - (R + zs) cos a 

(4) B = I(Zi) IV(Zi$l) - CP(Zi)I 

For each d a t a  po in t ,  the c o e f f i c i e n t  of I(zi) for i = 1 .N 
is computed, C a l l  J.(a, zs) the measurement cor responding  to  

J 
an a l t i t u d e  of the  photometer of zs( j )  and an ang le  of a(j). 
C a l l  11, 12,.... k the va lues  of I(z) between ( z ~ ,  z2), 
(z2, Z3), ' . ' (zNI %+I). 

zmin(j)  - (R + zs(j))cosu(j) - R is the  minimum a l t i t u d e  

Suppose for t h i s  d a t a  
of the beam over  the s u r f a c e  of the earth. 

I n t e g r a t i n g  from zmin(j)  t o  zwl us ing  r e l a t i o n  (4) 

i=e s- 1 

From the phys ica l  po in t  of view, t h a t  means there is no 
con t r ibu t ion  of layers 1, 2, . . .h-1, and a ' - d i f f e r e n t  c o n t r i b u t i o n  
f o r  each of t h e  o ther  l a y e r s ,  depending upon the  pa th  l e n g t h  
through t h a t  l a y e r  (each l a y e r  cor responds  to a s t e p  of the  
func t ion )  . 

F i n a l l y  
N 

J j ( a , z s )  =I e= 1 k Ah,j  Ie ( 5 )  j = 1,...n 

w i t h  fo r  h 2 2 
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Aej = 0 fo r  e =t 1,. ..h-1 

For t he  set of d a t a ,  j - l , . . .n,  there a r e  N unknowns, 
w i t h  n >>No This  l i n e a r  system w i t h  more 11, I Z , " .  I" 

equa t ions  than  unknowns is solved by a l e a s t  squa res  method. 
Minimizing 

n N 
A . I  )2 ,  k be ing  a cons t an t .  

eJ e 
M = 5=1 (Jj - k:=l 

Taking the  p a r t i a l  d e r i v a t i v e s  w i t h  respect t o  the unknowns 
Ii and s e t t i n g  = 0 g ives  t h e  optimum value  of Y. 

.- f o r  i = i,...~ 
'i = e, 

T h i s  l e a d s  t o  

n N 

or 

.. Subs t i tu t ing  (5) i n t o  ( 6 )  g ives  t h e  l i n e a r  sys t em 

n N n 
Ai j  J = k C  I C A i j  Aej i = l , . . . N  

j=1 e-1 e j=1 
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T h i s  l inear  system was so lved  by a classical method 
(Gauss) of inver t ing  the matrix of the c o e f f i c i e n t s  A to is  
get the  parameters I . ,  Ie.,I~, the vertical mission in 
raylbighs of the layer  e. 

i 



CONSIDERATIOISABOVT THE ME!l”OD AND CHOICE OF THE MODEL 

The preceding pages have descr ibed  t h e  mathematical  
method used and t h e  r e s u l t i n g  set of equat ions.  It w a s  
desired t o  compute t h e  v e r t i c a l  d i s t r i b u t i o n  of a i rg low 
between about 50km t o  4501rm. (These l i m i t s  w e r e  chosen a f t e r  
i n i t i a l  s tudy  of t h e  da t a ) .  The f i e l d  of view of t h e  ins t rument  
is such  t h a t  for  s p a c e c r a f t  a l t i t u d e s  above 400km, t h e  minimum 
meaningful l a y e r  t h i c k n e s s  is about 15km. T h i s  i n d i c a t e s  
a maximum number about 27 parameters. 

l i n e a r  system wi th  more equat ions  than unknowns t o  a squa re  
mat r ix .  By i n v e r t i n g  t h e  square ma t r ix  s u p p l i e d  by t h e  
l e a s t  squa res  procedure t h e  27 parameters are computed. However, 
un le s s  c a r e  is taken  i n  t h e  choice  of t h e  model used t o  f i t  t h e  
curve ,  i n  t h i s  ca se  t h e  choice  of t h e  l a y e r s , t h e  ma t r ix  
s u p p l i e d  by t h e  l e a s t  squa res  method may be s i n g u l a r  and hard 
t o  i n v e r t .  

The l e a s t  squa res  method reduced t h e  problem from a 

A f t e r  computing t h e  c o e f f i c i e n t s  of t h e  system wi thout  
r ega rd  f o r  t h i s  f a c t ,  one w i l l  f r e q u e n t l y  f i n d  when t r y i n g  t o  
i n v e r t  t h i s  ma t r ix  t h a t  it is s i n g u l a r .  Even a double 
p r e c i s i o n  computation w i l l  g ive  a determinant  of zero .  I n  
f a c t  t h e  product of t h e  ma t r ix  of t h e  c o e f f i c i e n t s  by its 
i n v e r t  w i l l  g ive  a r e s u l t  no t  v e r y  c l o s e  t o  t h e  u n i t  matr ix .  I f  
one looks a t  t h e s e  c o e f f i c i e n t s ,  he w i l l  f i n d  almost p r o p o r t i o n a l  
equa t ions .  

To break t h i s  s i n g u l a r i t y  of t h e  ma t r ix ,  one p o s s i b i l i t y  
is t o  g ive  t o  each parameter an important  c o n t r i b u t i o n  i n  a t  
l e a s t  one equat ion .  I n  o t h e r  words, t h e r e  must  e x i s t  f o r  each 
I1 parameter ,  an equat ion  such t h a t  A >>Aij ,  i+l. 13 

For t h e  s i n g l e  scan  method, t h e  model was s e l e c t e d  such 
t h a t  t h e  preceding cond i t ion  would e x i s t  by f i x i n g  t h e  t h i c k n e s s  
of t h e  l a y e r s  equal  t o  t h e  maximum d i f f e r e n c e  i n  m i n i m u m  
a l t i t u d e  reached of any two adjacent  l i n e s  of s i g h t .  For t h e  
p a r a l l e l  method t h e  l a y e r s  were of d i f f e r e n t  t h i cknesses  but  
c a r e  was taken  t o  a s s u r e  t h a t  a t  l e a s t  one l i n e  of s i g h t  reached 
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its minimum a l t i t u d e  w i t h i n  each  l a y e r  chosen. The mathematical  
r e s u l t s  of t h i s  de te rmina t ion  of t h e  model is t h a t  t h e  c o e f f i c i e n t s  
of t h e  main d iagonal  and of t h e  a d j a c e n t  subdiagonals  have 
t h e  g r e a t e r  magnitude f o r  each  row.  The matrix i n  t h i s  case 
is w e l l  condi t ioned  and easy  t o  i n v e r t .  The problems of 
i n s t a b i l i t y ,  i n  t h i s  p a r t i c u l a r  c a s e ,  d i sappear .  

From t h e  phys ica l  po in t  of view t h a t  means t h a t  each 
l a y e r  has  a t  l e a s t  one measurement such  t h a t  t h e  p a t h  l e n g t h  
through t h i s  l a y e r  is t h e  g r e a t e s t .  T h i s  de te rmines  t h e  
choice of t h e  Zi. 
between 15 and 20 l a y e r s  chosen m o s t  of t h e  t i m e .  See Fig.  3. 

RESULTS 

I n  p r a c t i c e  t h i s  has  meant tha t  t h e r e  were 

Th i s  method, r e l a t i v e l y  s imple ,  has  l e d  t o  good r e s u l t s ,  
e s p e c i a l l y  when t h e  hypothes is  of un i formi ty  could  be 
a p p l i e d  t o  t h e  phenomena. This has been the c a s e  except  around 
t h e  a u r o r a l  zone, which is f a r  from be ing  uniform. I n  t h e  c a s e  
of l a y e r s  of weak emission,  however, some s m a l l  nega t ive  va lues  
were computed. Th i s  has  no t  been a problem because it occurred  
a t  an a l t i t u d e  less t h a n  t h e  one of i n t e r e s t .  I n  t h i s  c a s e ,  
t h e s e  nega t ive  va lues  do no t  a f f e c t  t h e  o t h e r  parameters.  The 
accuracy depends more on t h e  photometer. I n  o u r  case w e  could 
not  go under a s t e p  corresponding t o  a t h i c k n e s s  of 2Okm. 
I n  t h e  case  of non-uniform emission,  t h e r e  is need f o r  improvement. 
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